Introduction
============

Over the past several decades, refinements in neuroimaging methods have enabled significant insights into human brain development. It is now known that the human brain undergoes a protracted period of development during which changes occur at both the structural and functional levels. Structural neuroimaging studies have shown that while gray matter volume follows a regionally specific inverted U-shaped trajectory, white matter volume shows protracted increases with development (Lenroot and Giedd, [@B49]). This general principle affects sensorimotor and higher-order association cortices at different time points in development (Gogtay et al., [@B39]). These regressive (gray matter loss) and progressive (white matter increases) changes are related to cognitive development (Casey et al., [@B11]). Age-related changes in cortical thickness have also been reported to show regional specificity (Sowell et al., [@B71]). Exactly how these structural changes impact functional brain maturation is less well understood.

In general, functional brain maturation is much more difficult to study than structural maturation because differences in observed brain activation can arise from differences in cognitive effort, experience, and strategy (Casey et al., [@B11]). This presents a significant challenge for understanding the development of functional brain networks. The existing literature suggests that brain activation during a particular cognitive task tends to progress from more diffuse to more focal with age. Durston et al. ([@B28]) were the first to describe this notion of diffuse-to-focal changes in activation patterns in a longitudinal study of cognitive control. They demonstrated that over time, participants revealed an increase of magnitude of activation in key frontal areas with concomitant attenuation of activation in more widespread, nonspecific brain regions. They interpreted this to reflect development of more efficient processing. There is also evidence to suggest that with development, there are decreased demands on prefrontal cortex, with increased reliance on posterior brain regions (Rivera et al., [@B66]). However, there is often a complex relationship between changes in brain activation related to performance differences versus those related to brain maturation, and it is often difficult to match children on performance (Tamm et al., [@B77]). Even in cases where children, adolescents and adults are matched on accuracy, it is often impossible to control for differences in reaction time (Kwon et al., [@B48]). Thus, while researchers typically attempt to control for performance-related issues in their studies, this is not always readily accomplished. The complex relationships between learning, experience, and development therefore make it difficult to uncover principles governing functional brain development, and complicate the interpretation of reported differences in brain activation between children and adults.

Resting-state fMRI (rsfMRI) offers a novel framework for studying the development of functional brain circuits, and in particular for better understanding the large-scale organization of the developing brain. This method is now increasingly used to complement traditional task-based fMRI. rsfMRI involves collecting functional imaging data from participants as they lay in the MRI scanner, typically fixating gaze on a cross-hair or with eyes closed, and refraining from engaging in any specific cognitive task. Since initial reports of coherent spontaneous low-frequency fluctuations in BOLD signal within the somatomotor system in the absence of a specific task (Biswal et al., [@B3]), it has been widely demonstrated that brain networks that are engaged during cognitive tasks can also be reliably identified during resting states (Smith et al., [@B69], see Fox and Raichle, [@B33] for review). Resting-state functional connectivity uses spontaneous synchronized fluctuations in BOLD signal to determine tightly coupled functional brain networks independent of task-induced correlations. These spontaneous fluctuations are posited to act to organize, coordinate, and maintain functional brain systems (Fox and Raichle, [@B33]; Raichle, [@B63]), and bias information processing (Greicius and Menon, [@B40]). The advantages of using rsfMRI in pediatric and clinical populations are that functional brain organization can be examined independent of task performance, and a full dataset can be collected in as little as 5 min (Van Dijk et al., [@B88]). Functional connectivity measures derived from rsfMRI data are particularly useful in studying age-related changes in the wiring of neural networks (Stevens, [@B73]; Supekar et al., [@B75]). Within- and between-subject measures computed from rsfMRI are quite consistent and reproducible (Damoiseaux et al., [@B23]; Shehzad et al., [@B67]). Because the resting-state scanning procedure places a minimal cognitive burden on the participant, and requires relatively little time in the scanner compared to task fMRI studies, data can be collected from low-functioning and very young populations. A recent study of the fMRI success rate of children and adolescents reports that the success rate for completing an entire battery of experimental fMRI runs varied between 50 and 59% in patient populations such as attention-deficit/hyperactivity disorder (ADHD) and autism spectrum disorder (ASD), and 69% for typically developing children (Yerys et al., [@B91]). As every pediatric neuroimaging researcher knows, excessive motion and floor task performance are issues that hinder successful scanning of young children, and account for significant data loss. The use of rsfMRI data obviates the need for long scan sessions as well as concerns regarding task performance, thus is particularly well suited for studies of typical and atypical brain development. In addition, certain widely adopted methodological approaches to analyzing rsfMRI data \[e.g., independent component analysis (ICA), discussed below\] are quite successful at removing motion artifacts, resulting in significantly less data loss.

The first study to use rsfMRI to study brain development was conducted in 2000. Curiously, subsequent rsfMRI studies in children did not appear until 2006. The use of rsfMRI in developmental studies is clearly still in its infancy, and our review of the emerging literature is necessarily constrained by this limitation. Table [1](#T1){ref-type="table"} summarizes current studies that have used rsfMRI to examine the typical and atypical development of functional brain networks. We begin with summaries of major findings regarding brain maturation from rsfMRI studies in neurotypical infants, children and adolescents. Within each section of the review, studies are grouped by analysis method employed, as the specific methods can have important implications for the interpretation of findings. We next review contributions of rsfMRI to the study of neurodevelopmental disorders, focusing primarily on ADHD and ASD. Next, methodological issues related to the acquisition and analyses of rsfMRI data for developmental studies are discussed. We conclude by highlighting outstanding issues in the field and suggesting avenues for future research.

###### 

**Summary of resting-state fMRI studies in infants, children and adolescents, including neurodevelopmental disorders**.

  Ages studied                                                                                            Authors                       Population                 Analyses                                    Brain regions examined
  ------------------------------------------------------------------------------------------------------- ----------------------------- -------------------------- ------------------------------------------- ----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  4.29 ± 2.56 years                                                                                       Kiviniemi et al. ([@B47])     Typically developing       ROI-based FC                                Visual cortex
  Neonates 2--4 weeks of age, 1-year-olds, 2-year-olds                                                    Lin et al. ([@B51])           Typically developing       ROI-based FC                                Motor, sensory, and visual networks
  Visual experiment: 46.4 ± 6.7 months; Auditory experiment: 46.9 ± 9.7 months                            Redcay et al. ([@B65])        Typically developing       ROI-based FC                                Superior temporal gyrus, occipital cortex
  Range: 39 weeks and 1 day to 44 weeks and 2 days (gestational age at MRI: 41 weeks)                     Fransson et al. ([@B35])      Typically developing       ICA                                         Somatosensory and motor cortices, temporal/inferior parietal cortex, posterior lateral and midline parietal cortex/lateral aspects of the cerebellum, medial and lateral sections of anterior prefrontal cortex
  12.8 months                                                                                             Liu et al. ([@B52])           Typically developing       ICA                                         Sensorimotor network
  Neonates (24 ± 12 days); 1-year-olds (13 ± 1 month); 2-year-olds (25 ± 1 month)                         Gao et al. ([@B37])           Typically developing       ICA, graph theory                           Default mode network
  7--9 years; 10--15 years; 19--31 years                                                                  Fair et al. ([@B29])          Typically developing       ROI-based FC, graph theory                  Default mode network
  Children: 10.6 ± 1.5 years; Adolescents: 15.4 ± 1.2 years; Adults: 22.4 ± 1.2 years                     Kelly et al. ([@B45])         Typically developing       ROI-based FC                                Cingulate-based networks
  12--30 years                                                                                            Stevens et al. ([@B74])       Typically developing       ICA, causality estimates                    Whole-brain
  Working memory: 7--11 years; Rest: 9--12 years                                                          Thomason et al. ([@B79])      Typically developing       ICA                                         Default mode network
  Children: 7--9 years, mean 8.6; Adolescents: 10--15 years, mean 11.9; Adults: 20--31 years, mean 24.1   Fair et al. (2007)            Typically developing       Graph theory                                Thirty-nine putative task-control regions within fronto-parietal and cingulo-opercular networks
  Children: 7--9 years; Adult: 19--22 years                                                               Supekar et al. ([@B75])       Typically developing       Graph theory, white matter fiber tracking   Whole-brain
  7--31 years                                                                                             Fair et al. ([@B30])          Typically developing       Graph theory                                Cingulo-opercular, fronto-parietal, cerebellar, and default mode networks
  Children: 7--9 years; Adult: 19--22 years                                                               Supekar et al. ([@B76])       Typically developing       ICA, white matter fiber tracking            Default mode network
  ADHD: 13.91 ± 0.35 years; Control: 13.20 ± 0.56 years                                                   Tian et al. ([@B82])          ADHD                       ROI-based FC                                Dorsal anterior cingulate cortex
  ADHD: 13.37 ± 1.49 years; Control: 13.32 ± 0.95 years                                                   Cao et al. ([@B9])            ADHD                       ReHo                                        Whole-brain
  ADHD: 13.34 ± 1.44 years; Control: age-matched within 0.5 year                                          Zhu et al. ([@B93])           ADHD                       ReHo, Fisher discriminative analysis        Whole-brain
  ADHD: 13.0 ± 1.4 years; Control: 13.1 ± 0.6 years                                                       Zang et al. ([@B92])          ADHD                       ALFF                                        Whole-brain
  ADHD: 13.48 ± 1.11 years; Control: 13.19 ± 0.49 years                                                   Tian et al. ([@B81])          ADHD                       RSAI                                        Whole-brain
  ADHD: 13.3 ± 1.4 years; Control: 13.2 ± 1.0 years                                                       Cao et al. ([@B10])           ADHD                       ROI-based FC                                Putamen
  ADHD: 34.9 ± 9.9 years; Control: 31.2 ± 9.0 years                                                       Castellanos et al. ([@B12])   ADHD                       ROI-based FC                                Cingulate-based networks
  ADHD: 34.9 ± 9.9 years; Control: 31.2 ± 9.0 years                                                       Uddin et al. ([@B84])         ADHD                       NetHo                                       Default mode network
  ASD: 24 ± 10.6 years; control: 24 ± 9.0 years                                                           Cherkassky et al. ([@B16])    ASD                        ROI-based FC                                Posterior cingulate cortex, ventral anterior cingulate cortex, precuneus, paracentral lobule, bilateral medial/middle prefrontal cortex, bilateral inferior parietal cortex, bilateral parahippocampal gyrus, bilateral inferolateral temporal cortex (insula)
  ASD: 26.5 ± 12.8 years; Control: 27.5 ± 10.9 years                                                      Kennedy et al. ([@B46])       ASD                        ROI-based FC                                Task-positive (dorsal attention) network, task-negative (default mode) network
  ASD: 26 ± 5.93 years; TD: 27 ± 6.1 years                                                                Monk et al. ([@B60])          ASD                        ROI-based FC                                Default mode network
  ASD: 15 ± 1.45 years; TD: 16 ± 1.44 years                                                               Weng et al. ([@B90])          ASD                        ROI-based FC                                Default mode network
  8 years                                                                                                 Paakki et al. ([@B62])        ASD                        ReHo                                        Whole-brain
  TS: 12.70 years (9.92--15.83); TD: 12.69 years (10.42--15.75)                                           Church et al. ([@B18])        Tourette syndrome          ROI-based FC                                Thirty-nine putative task control regions within fronto-parietal and cingulo-opercular networks
  MDD: 16.5 ± 0.95 years; TD: 16.8 ± 1.5 years                                                            Cullen et al. ([@B22])        Depression                 ROI-based FC                                Subgenual ACC, amygdala, supragenual ACC
  12.2 ± 2.1 years                                                                                        Thomason et al. ([@B80])      BDNF met-allele carriers   ROI-based FC                                Default mode network, executive control network, salience network

*ADHD, attention-deficit/hyperactivity disorder*; *ALFF*, *amplitude of low-frequency fluctuation*; *ASD*, *autism spectrum disorder*; *FC*, *functional connectivity*; *ICA*, *independent component analysis*; *MDD*, *major depressive disorder*; *NetHo*, *network homogeneity*; *ReHo*, *regional homogeneity*; *ROI*, *region-of-interest*; *RSAI*, *resting-state activity index*; *TD*, *typically developing*.

Typical Development: Studies in Infants and Young Children
==========================================================

ROI seed-based analysis
-----------------------

Region-of-interest (ROI) seed-based analysis is one of the two most widely used methods in analysis of rsfMRI data. The method is a hypothesis-driven approach that typically involves choosing one or more ROIs and examining their whole-brain functional connectivity, often using a regression or correlation model. Kiviniemi et al. ([@B47]) used this method in the first reported study of developing functional networks using rsfMRI. The authors studied children between 3 months and 10 years of age. During the scan participants were sedated with thiopental. Using one representative voxel time course from primary visual cortex, the authors demonstrated correlated activity within striate and extrastriate cortex as well as occipital cortices adjacent to primary visual cortex. This study demonstrated that children as young as 3 months of age have stable visual networks, and that they can be detected in rsfMRI data.

Ethical concerns preclude the use of sedation in studies of typical development. The first study to take advantage of natural sleep as a method to study brain function in young children was conducted by Redcay et al. ([@B65]). The authors used an ROI-based approach and reported functional connectivity between superior temporal gyrus and medial and lateral prefrontal regions, as well as between occipital and parietal regions, in 2- to 4-year-old typically developing children during low-level auditory and visual stimulation. The extent to which these results reflect task-related versus intrinsic functional connectivity is at present unclear. Nonetheless, this study highlights the utility of imaging during natural sleep to obtain high quality fMRI data from very young children, which would otherwise be impossible to collect in this age range.

Lin et al. ([@B51]) took advantage of rsfMRI during natural sleep to study functional connectivity of primary motor, sensory, and visual areas in children between 2 weeks and 2 years of age while they were asleep. This study found that the percentage of brain volume exhibiting resting functional connectivity, and the strength of resting functional connectivity, increased non-uniformly from 2 weeks to 2 years of age. The percentage of brain volume that showed resting functional connectivity in sensorimotor cortices was larger than that in the visual cortex for subjects 2 weeks of age and for 1-year-olds, but not for the 2-year-olds, suggesting that functional connectivity in sensorimotor networks precedes that in the visual networks. This study highlights the utility of rsfMRI for examining development of specific functional systems in infants and very young children. The findings shed light on different developmental trajectories of distinct cortical networks underlying sensorimotor and visual processing.

ICA-based analysis
------------------

ICA, unlike ROI-based analysis, is a model-free, data-driven approach whereby four-dimensional fMRI data is decomposed into a set of independent one-dimensional time series and associated three-dimensional spatial maps which describe the temporal and spatial characteristics of the underlying signals or components (Beckmann et al., [@B1]). ICA is currently a widely used method for analyzing rsfMRI data (Calhoun et al., [@B8]).

In 2007, Fransson et al. studied resting-state activity in the brains of sedated sleeping infants under 1 year of age. Using ICA, five distinct networks were identified in the infant brain. These consistent networks comprised (1) primary visual areas, (2) bilateral somatosensory and motor cortices, (3) bilateral temporal/inferior parietal cortex including primary auditory cortex, (4) posterior lateral and midline parts of the parietal cortex and lateral aspects of the cerebellum, and (5) medial and lateral sections of anterior prefrontal cortex. Intriguingly, these networks represent a subset of those previously demonstrated to exist in the adult brain (Damoiseaux et al., [@B23]; De Luca et al., [@B24]), with the notable exception that the infant brain appeared to lack a component along the anterior--posterior direction, despite the fact that transcallosal functional connectivity was intact at this very young age. The authors specifically noted that they did not detect an equivalent of the default mode network (DMN) in infants (Fransson et al., [@B35]). The DMN is so named due to its uniquely high metabolic resting activity (Raichle et al., [@B64]) and characteristic deactivation during challenging cognitive tasks (Shulman et al., [@B68]). The network includes posterior cingulate cortex (PCC), medial prefrontal cortex (MPFC), and bilateral inferior parietal lobule (IPL, Raichle et al., [@B64]). While the functions of this network are widely debated, there is growing evidence that it is involved in high level self-related (e.g., autobiographical and prospective memory) (Buckner and Carroll, [@B6]) or social cognitive (e.g., theory of mind and moral cognition) processes (Harrison et al., [@B42]). Fransson et al. ([@B35]) suggest that the absence of this network in infants may be related to both immature anterior--posterior white matter connectivity and immature development of these cognitive processes.

In another study, Liu et al. ([@B52]) studied functional connectivity of somatomotor areas in 1-year-old infants. They used ICA to detect a sensorimotor network, and reported greater intrahemispheric connectivity than interhemispheric connectivity within sensorimotor areas. This finding is in line with the Fransson et al. ([@B35]) study. This suggests a universal principle guiding development of large-scale brain systems, namely that the development of intrahemispheric connectivity within local functional circuits precedes the development of interhemispheric connectivity.

Graph theoretical and network analysis
--------------------------------------

Graphs are data structures which have nodes and edges between the nodes (Bondy and Murty, [@B5]). Graph theoretical metrics such as clustering coefficient, path length, degree, and centrality provide quantitative measures to characterize large-scale networks represented as a graph (see Bullmore and Sporns, [@B7] for a detailed review of various graph metrics and their interpretation). In a graphical representation of a brain network, a node corresponds to a brain region while an edge corresponds to the functional interactions between two brain regions. In recent years, there has been increasing interest in the use and application of graph metrics to characterize large-scale brain networks. This is in part due to the emergence and availability of rsfMRI data. In addition to the advantages described above, resting-state data allow, for the first time, simultaneous *in vivo* examination of all brain regions and the intrinsic interactions among them. More importantly, patterns of resting-state correlations are thought to reflect functional architecture of the brain (Hagmann et al., [@B41]; Margulies et al., [@B56]; van den Heuvel et al., [@B86]). Several studies have used graph theoretical approaches to characterize large-scale brain networks using rsfMRI. In adults, converging evidence from studies suggests that the adult brain has a robust and efficient small-world architecture comprised of hubs with a high degree connectivity and a modular structure (see Bullmore and Sporns, [@B7] for a comprehensive review). Developmental studies are beginning to examine how these network metrics change with age and cognitive skill.

In a developmental context, Gao et al. ([@B37]) used a combination of graph theoretical analyses and ICA to examine a large-scale brain network (DMN) in healthy 2-week to 2-year-old sleeping children. They found a primitive and incomplete DMN in 2-week-olds, followed by an increase in the number of brain regions exhibiting connectivity at 1 year of age. The DMN at 2 years of age began to resemble that observed in adults, in that it included MPFC, PCC/retrosplenial (PCC/Rsp), IPL, lateral temporal cortex, and hippocampus. As previously discussed, this network is thought to subserve self-related and social cognitive processes (Uddin et al., [@B83]; Spreng et al., [@B72]). The authors then used a measure called "betweenness" centrality, a graph theoretical measure of node importance, to show that the PCC/Rsp nodes showed the most elevated centrality measure for all age groups. The PCC/Rsp node was consistently observed in both age groups, suggesting that this region may form a "hub" even at the earliest developmental stage. They also found that the MPFC showed elevated centrality measures, though not as high as the PCC/Rsp. They suggest that the MPFC emerges as a potential secondary hub starting at the age of 1.

Typical Development: Studies in Older Children, Adolescents and Young-Adults
============================================================================

ROI seed-based analysis
-----------------------

Fair et al. ([@B29]) used ROI-based analyses to examine differential connectivity of the ventromedial prefrontal cortex (vmPFC) in a group of 7- to 9-year-old children compared to 21- to 31-year-old adults. Children showed marked decreases in connectivity along the anterior--posterior dimension, between the vmPFC and PCC, compared to adults. To further examine differences in brain network structure between children and adults, the time series associated with 13 nodes within the DMN (such as left and right lateral parietal cortex, left and right parahippocampal gyrus, MPFC, and retrosplenial cortex) were correlated with each other. Comparison of correlation matrices generated from child and adult rsfMRI data revealed that nodes within the DMN were sparsely connected in children, and strongly functionally connected in adults. Interestingly, in this age range, interhemispheric functional connections between homotopic regions were reported to be strong in children, as in adults.

In addition to providing detailed information about the connectivity profiles of individual nodes, ROI-based analyses have aided in delineating regionally specific developmental changes within functionally heterogeneous brain regions. In a recent study, Kelly et al. ([@B45]) examined the development of five functionally distinct cingulate-based networks in children (age 11 years), adolescents (age 15) and young-adults (age 22). These networks have been previously characterized in adults (Margulies et al., [@B55]), and underscore the heterogeneous connectivity of subregions within the cingulate cortex. This study found that children demonstrated a more diffuse pattern of correlation with voxels proximal to the seed ROI, whereas adults exhibited more focal patterns of functional connectivity, as well as a greater number of correlated voxels at long distances from the seed ROI. Adolescents exhibited intermediate patterns of connectivity between the children and adults. Interestingly, connectivity of networks associated with social and emotional functions \[based in subgenual anterior cingulate cortex (ACC) and vmPFC\] exhibited the greatest developmental effects, while connectivity of networks associated with motor control and conflict monitoring (dorsal ACC) did not differ greatly between the three groups (Kelly et al., [@B45]). This study demonstrates that rsfMRI data recapitulates two organizational principles of development that have previously been proposed, namely the shift from diffuse to focal activity with age (Durston et al., [@B28]), and the development of motor systems preceding the development of systems underlying higher cognition (Chugani et al., [@B17]).

ICA-based analysis
------------------

Using an ICA analysis in conjunction with "causal density" estimates, Stevens et al. ([@B74]) characterized functional networks in 100 participants ranging in age from 12 to 30 years. The authors identified 13 components of interest and used Granger causality estimates to examine interactions between these networks. They report that mutual influences among networks decreased with age, and speculate that this reflects stronger within-network connectivity and more efficient between-network influences with development. Interestingly, they also found age-related reductions in the strength of interaction between lateral prefrontal-parietal (executive control) circuits and networks identified as resembling the DMN. They suggest that more segregated functioning of these sets of networks may allow greater processing flexibility.

Thomason et al. ([@B79]) identified the DMN in 7- to 12-year-old children using both rsfMRI and examination of task-induced deactivations. They report overlap between brain regions comprising the DMN as identified by ICA applied to rsfMRI data, and regions comprising the DMN as identified by load-dependent deactivation during a working memory task. These DMN regions identified by two methods overlapped with the regions previously reported in adults. They also found that cognitive measures collected outside the scanner correlated with BOLD decreases during the working memory tasks.

Graph theoretical and network analysis
--------------------------------------

In order to understand functional brain development, it is critical to investigate and characterize the underlying developmental processes that produce systematic changes in functional brain organization. Fair et al. ([@B29]) were the first to examine this developmental process using rsfMRI. In a related study, they focused on a larger network comprised of 39 cortical regions involved in task-control (Fair et al., [@B31]). This study reported a developmental process trend towards "segregation" (general decrease in connectivity strength) between regions close in anatomical space and "integration" (increased connectivity strength) between specific regions distant in Euclidean space, within the 39-node network. More generally, the authors of these two studies argue that the organization of large-scale functional brain networks shifts from a local anatomical emphasis in children to a more distributed architecture in young-adults (Fair et al., [@B30]).

In contrast to examining developmental process within circumscribed network nodes, Supekar et al. ([@B75]) investigated age-related functional connectivity changes across 90 cortical and subcortical regions that spanned the entire brain. More specifically, they analyzed inter-regional functional connectivity changes within this 90-node whole-brain network in relation to distance between the regions. The inter-regional distance was measured using quantitative diffusion tensor imaging-based white matter tractography, rather than Euclidean distance between regions as used in the studies by Fair et al. ([@B31]). Additional analyses further revealed that adults have weaker short-range functional connectivity and stronger long-range functional connectivity than do children. Taken together, the studies by Fair et al. ([@B31], [@B30]), Kelly et al. ([@B45]), and Supekar et al. ([@B75]) suggest a developmental process of greater functional segregation in children and greater functional integration in adults at the whole-brain level, as well as in specific networks such as the attentional control network and the DMN.

Understanding how the functional organization of the human brain matures and evolves from childhood to adolescence to adulthood is fundamentally important for gaining insights into the maturation of brain function. As described earlier, the graph theoretical approach is well suited for characterizing functional organization of the brain at multiple levels of granularity. At the global "whole-brain" level, Supekar et al. ([@B75]) reported that both 7- to 9-year-old children and 19- to 22-year-old adults exhibit small-world architecture characterized by high clustering and short path lengths. A small-world architecture was also revealed in a study of multiple functional networks involving distributed nodes conducted by Fair et al. ([@B30]). These studies indicate that at the global level, the human brain is comprised of sub-networks of densely connected nodes, mostly connected by short path lengths. More importantly, these studies indicate that this robust organization is conserved from early childhood to adulthood. At the sub-network level, however, Supekar et al. ([@B75]) found significant differences in inter-regional connectivity patterns between children and adults. Notably, in children, subcortical areas were more strongly connected with primary sensory, association, and paralimbic areas, whereas adults showed greater cortico-cortical connectivity between paralimbic, limbic, and association areas (Figure [1](#F1){ref-type="fig"}). This finding is in line with previous work demonstrating greater reliance on subcortical structures in children during cognitive tasks (Luna et al., [@B54]; Thomas et al., [@B78]). Taken together these studies indicate that while the global functional organization of the human brain is similar in 7- to 9-year-old children and adults, at the sub-network level, brain connectivity undergoes significant reorganization with development.

![**Graphical representation of developmental changes in functional connectivity along the posterior--anterior and ventral--dorsal axes, highlighting higher subcortical connectivity (subcortical nodes are shown in green) and lower paralimbic connectivity (paralimbic nodes are shown in gold) in children, compared to young-adults.** Brain regions are plotted using the y and z coordinates of their centroids (in millimeter) in the MNI space. Four hundred and thirty pairs of anatomical regions showed significantly higher correlations in children and 321 pairs showed significantly higher correlations in young-adults (*p* \< 0.005, FDR corrected). For illustration purposes, the plot shows differential connectivity that was most significant, 105 pairs higher in children (indicated in red) and 53 higher in young-adults (indicated in blue) (*p* \< 0.0001, FDR corrected). Adapted from Supekar et al. ([@B75]).](fnsys-04-00021-g001){#F1}

In summary, studies examining functional brain organization in infants, children, and adolescents have revealed consistent findings with respect to the development of long distance connectivity and regional functional specialization. The ability to study very young children at critical developmental milestones is an advantage of the rsfMRI approach, which allows for the *in vivo* examination of intrinsic functional architecture across the entire brain. However, most of these studies have been conducted in older children, adolescents and adults, and thus to date there is little known regarding how global or local network organization changes during the important developmental period from infancy to young childhood.

Neurodevelopmental Disorders: Studies in Children and Adults
============================================================

Overview
--------

In addition to enabling unique insights into typical brain development, rsfMRI has been used to explore potentially altered functional connectivity associated with neurodevelopmental disorders. Unfortunately, the majority of these studies have not focused on infants and young children, an issue that is particularly pressing in early impact disorders such as ASD. Nonetheless, the theoretical and methodological progress that has resulted from studies of older children and adults is paving the way for similar studies in younger populations.

Attention-deficit/hyperactivity disorder
----------------------------------------

Several recent studies have focused on ADHD, although few consistent findings have emerged. An early study in adolescents found that patients with ADHD showed more significant resting-state functional connectivity between dorsal ACC and thalamus, cerebellum, insula, and brainstem (Tian et al., [@B82]). Using an approach termed "regional homogeneity" (ReHo), which measures the similarity of a voxel\'s time series to its neighbors, it was reported that children with ADHD showed decreased ReHo in frontal--striatal--cerebellar circuits and increased ReHo in the occipital cortex (Cao et al., [@B9]), suggesting disordered functional organization in circuits previously implicated in structural brain imaging studies of ADHD (Giedd et al., [@B38]). Classifiers based on ReHo measures have been used to discriminate children with ADHD from controls with 85% accuracy (Zhu et al., [@B93]). Zang et al. ([@B92]) showed that children with ADHD had decreased amplitude of low-frequency fluctuations (ALFF: 0.01--0.08 Hz) in the right inferior frontal cortex, left sensorimotor cortex, and bilateral cerebellum, and increased ALFF in the right ACC, left sensorimotor cortex, and bilateral brainstem. Using a measure incorporating ReHo and variance of LFF, Tian et al. ([@B81]) found that adolescents with ADHD showed greater resting-state activity than controls in basic sensory areas (bilateral BA 17/18/19, left BA 3, left BA 22, and bilateral thalamus). Yet another study reported putamen-specific functional connectivity abnormalities in ADHD, with group differences in putamen and cortical--striatal--thalamic circuits (Cao et al., [@B10]). Though intriguing, very few replicable findings have emerged from these studies, perhaps due to the relatively small sample sizes and heterogeneity of symptomatology in the patients examined.

ADHD is known to be associated with attentional lapses (Castellanos et al., [@B13]), thus recent studies have begun to focus on understanding how circuitry within the ACC may contribute to the symptoms of the disorder. A study of 20 adults with ADHD and 20 matched controls found decreases in negative correlations between the anterior cingulate and precuneus/ PCC regions as well as decreases in connectivity between precuneus and other default mode network components, including vmPFC (Castellanos et al., [@B12]). This finding was bolstered by similar results utilizing a different measure on the same dataset, which found reduced "network homogeneity" within the DMN in ADHD, particularly between the precuneus and other DMN regions (Uddin et al., [@B84]). These findings are in line with a theory positing that spontaneous patterns of very low frequency coherence within the DMN may intrude into periods of active task-specific processing, producing periodic fluctuations in attention that compete with goal-directed activity in ADHD (Sonuga-Barke and Castellanos, [@B70]).

Autism spectrum disorders
-------------------------

Autism is another major neurodevelopmental disorder that has long been associated with disruptions in brain connectivity (Frith, [@B36]). Surprisingly, to date there have been no published reports of rsfMRI studies in children with ASD. However, a few studies have used this method to study adolescents and adults with ASD. Cherkassky et al. ([@B16]) used an ROI-based approach to demonstrate functional underconnectivity in anterior--posterior connections in ASD. ASD is associated with altered socioemotional responses, which have been linked to the DMN. Kennedy and Courchesne ([@B46]) showed, in a mixed group of adolescents and adults, disrupted intrinsic connectivity in the DMN, but not the executive control network. Another recent study replicated this finding of reduced DMN connectivity, and further demonstrated that restricted and repetitive behaviors in ASD were correlated with the degree of connectivity between the PCC and right parahippocampal gyrus (Monk et al., [@B60]). This group went on to examine DMN connectivity in adolescents with ASD. They also found that relative to controls, adolescents with ASD showed weaker connectivity in nine of the eleven areas of the DMN that were analyzed. Additionally, poorer social skills and increases in restricted and repetitive behaviors and interests correlated with weaker connectivity, whereas poorer verbal and non-verbal communication correlated with stronger connectivity in multiple areas of the DMN. Compared to their study of adults with ASD, these findings indicate that adolescents with ASD show even weaker connectivity in the DMN (Weng et al., [@B90]). Paakki et al. ([@B62]) used the ReHo approach to study adolescents with ASD, and found that compared with the controls, the subjects with ASD had significantly decreased ReHo in right superior temporal sulcus region, right inferior and middle frontal gyri, right insula and right postcentral gyrus. Significantly increased ReHo was shown in left inferior frontal and anterior subcallosal gyrus (Paakki et al., [@B62]). A study in neurotypical adults found that functional connectivity between the anterior insula and ACC was related to social responsiveness (Di Martino et al., [@B27]). Future research is needed to examine how reduced functional connectivity between specific brain regions impacts symptom severity in young children and adolescents with ASD, and how these reductions influence deficits in performance on tasks involving social information processing.

While rsfMRI studies relevant to understanding the neural basis of ASD are still in their infancy, they highlight the utility and value of this approach. In addition, these studies have identified previously understudied candidate brain regions and large-scale networks of interest. In particular, we believe that the study of relationships between networks involved in self-related and social cognition (DMN), externally oriented attention (executive control) and switching between them should be particularly prioritized in future studies of ASD (Uddin and Menon, [@B85]).

Other neurodevelopmental disorders and genetic effects
------------------------------------------------------

Tourette syndrome (TS) is another pediatric disorder that has recently been studied using rsfMRI methods. Church et al. ([@B18]) found that a fronto-parietal network involved in rapid, adaptive online control was weaker in adolescents with TS. Adolescents with major depressive disorder have decreased functional connectivity in a subgenual ACC-based neural network that includes the supragenual ACC, right medial frontal cortex, the left inferior and superior frontal cortex, superior temporal gyrus, and the insular cortex, areas involved in mediating emotion processing (Cullen et al., [@B22]).

Intriguingly, specific genetic polymorphisms have also been shown to affect resting-state functional connectivity measures in children (Thomason et al., [@B80]). BDNF gene variants, associated with alterations in brain anatomy and memory, appear to affect functional connectivity. Thomason et al. ([@B80]) found a reduction in hippocampal and parahippocampal to cortical connectivity in met-allele carriers within each of three resting networks (the default mode, executive, and paralimbic networks), as well as increased connectivity to amygdala, insula and striatal regions in met-carriers, within the paralimbic network. Thus, genetic differences can contribute to functional connectivity differences at the systems-level. How these differences in functional connectivity influence memory function remains to be investigated.

Methodological Issues and Challenges
====================================

One of the primary challenges in pediatric neuroimaging is the fact that the procedure requires participants to remain motionless for an extended period of time. As this is particularly difficult for young children, especially for clinical populations such as children with ADHD or ASD, fMRI data often contains significant motion artifacts, resulting in up to 50% data loss in some cases (Yerys et al., [@B91]). Two main solutions to this problem are currently implemented, one at the data collection level and one at the data processing level. Data acquisition protocols often include a "mock scanner" training session, during which children practice lying still in a scanner-like mockup. Post data acquisition, artifact correction algorithms can also be implemented to remove motion-related spikes in the data (Mazaika et al., [@B58], [@B57]). Currently, these procedures are not universally utilized, and considerable variability exists between research centers with respect to criteria for inclusion of data containing motion artifacts. As previously discussed, one advantage of rsfMRI is that it requires very little time in the scanner, and thus can be more easily collected from young participants. In addition, resting-state data is often analyzed using ICA, as summarized in the studies reviewed above. This analysis method may be helpful in effectively isolating motion-related artifacts as distinct independent components (Beckmann et al., [@B1]).

A second issue concerns the use of varied instructions to the participant during acquisition of rsfMRI data. By definition, resting-state signal reflects activity during a task-free ("rest") state. Accordingly, most of the developmental studies reviewed here have used data collected while the participants were not performing any task. Although these data indeed reflect resting conditions, a closer look indicates that participants were either instructed to fixate on a cross-hair, or keep their eyes open while viewing a blank screen, or keep their eyes closed for the duration of the scan. A recent study, however, indicated that resting-state connectivity within the DMN and attention network was significantly diminished in participants with eyes closed, compared to eyes open or a fixation condition (Van Dijk et al., [@B88]).

An important related issue is the use of "rest blocks" within task data to conduct analyses typically performed on pure resting-state data. Fair et al. ([@B32]) used rest blocks extracted from interleaved experimental task data in studies investigating developmental changes in intrinsic functional connectivity. Cherkassky et al. ([@B16]) used a similar approach to investigate resting-state functional connectivity in autism, as reviewed. Another group used residual signal obtained by regressing out task-evoked effects from an event-related task to study functional connectivity within fronto-parietal resting-state networks (He et al., [@B43]). Given the inherent resting-state connectivity differences even within various resting states, it is more than of academic interest to investigate how well these datasets relate to pure rsfMRI data. Fair et al. ([@B32]) investigated this issue by comparing resting-state functional connectivity measures from data obtained from (1) residual data from event-related designs, (2) continuous resting-state data, (3) resting data that was interleaved between task blocks, and (4) simulated interleaved resting data that was created using the continuous resting data set. They reported that the residual data set, the interleaved dataset, and the simulated interleaved dataset were mostly similar to the continuous resting state dataset, with some differences. The greatest caveats on interpretation of functional connectivity results were placed on the use of event-related data residuals (Fair et al., [@B32]).

Another issue concerns the current lack of studies examining test--retest reliability of resting-state data collected for developmental studies. While the patterns of resting-state functional connectivity have been shown to be reproducible across adult participants and scans (van de Ven et al., [@B87]; Damoiseaux et al., [@B23]), there is limited evidence about their test--retest reliability, particularly for the pediatric populations. In adults, Shehzad et al. ([@B67]) reported that the test--retest reliability of resting-state functional connectivity was high for significant positive correlations and relatively low for non-significant and negative correlations. Furthermore, they showed that the reliability for DMN connectivity was higher compared to task positive networks. Meindl et al. ([@B59]) reported similar reproducibility results. They observed, across three scan sessions, higher reliability for DMN correlations and lower for non-DMN correlations. These results were further confirmed by Zuo et al. ([@B94],[@B95]). Although the results of these studies appear promising, Honey et al. ([@B44]) recently raised concerns about the test--retest reliability of rsfMRI data. For individual participants, they observed overall low reproducibility across scans for resting-state correlations between 998 ROIs. All of these previous studies have been conducted in adults, therefore it is not at all known to what extent this issue affects studies of development.

Yet another issue pertains to statistical power or lack thereof in pediatric resting-state studies. Most studies to date have had included relatively small numbers of participants. Although analyses of power and sample sizes have been reported for conventional task-based functional neuroimaging studies (Desmond and Glover, [@B26]), similar power analyses have not yet been applied to rsfMRI. This is particularly important for studies of typical and atypical pediatric populations, which are inherently highly heterogeneous. Ideally, along with statistical power analyses, a clinical pediatric resting-state study should be comprised of a relatively homogenous group, as well as a homogenous well-matched control group for meaningful interpretations and better comparability of findings across studies.

Finally, it is now well documented that raw rsfMRI data is contaminated by motion artifacts, scanner artifacts, and physiological noise (Biswal et al., [@B3]; Lowe et al., [@B53]; Cordes et al., [@B21], [@B20]). To remove this noise, researchers have used a gamut of techniques including, but not limited to, spatial smoothing (to improve signal-to-noise ratio), temporal filtering (to remove signal contributed by physiological sources such as cardiac and respiratory cycles) (De Luca et al., [@B24]; Supekar et al., [@B75]), whole-brain signal regression (to account for noise sources such as motion, cardiac, and respiratory signals that globally influence the signal) (Desjardins et al., [@B25]), and regressing out cardiac and respiratory signals acquired in the scanner (to minimize unwanted physiological variations) (Birn et al., [@B2]; Chang and Glover, [@B15]; Chang et al., [@B14]). Although these techniques are fairly effective in removing noise, they raise some concerns regarding the interpretation of the preprocessed data. For example, regressing out whole-brain signal has shown to introduce negative correlations (Murphy et al., [@B61]; Smith et al., [@B69]; Van Dijk et al., [@B88]), though there is no reason to believe that all reported negative correlations are artifactual (Fox et al., [@B34]). Preprocessing including global signal correction has been shown to increase connection specificity. However, as negative correlations can be induced by this procedure, there is reason to interpret the directionality of these relations with caution especially when global regression is used (Weissenbacher et al., [@B89]). While these issues are a concern for all rsfMRI studies, not just those exploring developmental issues, the field has not yet reached a consensus as to how to best minimize the effects of noise on these analyses.

Summary and Future Directions
=============================

In this review, we have summarized the current status of research utilizing rsfMRI to examine the typical and atypical development of functional brain circuits. Several key principles of human brain development are beginning to emerge from this literature. In particular, these studies suggest that intrahemispheric connectivity develops before interhemispheric connectivity (Fransson et al., [@B35]; Liu et al., [@B52]), and that anterior--posterior connectivity is slowest to develop (Kelly et al., [@B45]). Sensorimotor networks emerge early in infancy and appear to develop well before visual networks (Lin et al., [@B51]). Whether this applies to other sensory systems remains to be investigated. Such investigations may provide important insights and have implications for cognitive development, specifically with respect to an infant\'s early exploration of the world.

Beyond infancy, there is converging evidence from multiple studies suggesting that by age 7--9 children manifest a similar "small world" type of functional architecture at the whole-brain level as adults (Fair et al., [@B30]; Supekar et al., [@B75]). However, the organization of individual functional sub-networks as well as their interactions have a protracted developmental time course. This process is characterized by a number of developmental features. First, children have stronger and more abundant connections between subcortical and cortical regions, while in young-adults, connections among cortical regions were more prominent. Second, the brains of young-adults are more hierarchically organized, with more regions involved in larger and longer-distance clusters of activity. Third, the development of large-scale brain networks is characterized by weakening of short-range functional connectivity and strengthening of long-range functional connectivity. Taken together, these findings suggest that the dynamic process of over-connectivity followed by pruning, which rewires connectivity at the neuronal level, also operates at the systems level and helps reconfigure and rebalance cortical and subcortical connectivity in the developing brain (Supekar et al., [@B75]).

Several methodological issues remain to be addressed before the field can move forward. These are thoroughly discussed and reviewed in another contribution to this Special Issue (Cole et al., [@B19]). It is our belief that the two main methodological approaches discussed here (ICA and seed-ROI based correlation) each make important contributions to the study of intrinsic brain architecture, and can be used in a complementary fashion to understand global and local functional properties of the developing brain.

At present, it is unknown how and to what extent changes in functional connectivity are related to structural brain maturation. Directions for future research include integrating rsfMRI with diffusion tensor imaging (DTI) to investigate how the maturity of specific fiber tracts relates to the maturation of cognitive function and skill acquisition. A recent study examined developmental changes in DMN connectivity using a multimodal imaging approach by combining rsfMRI, voxel-based morphometry and diffusion tensor imaging-based tractography. The authors found that the DMN undergoes significant developmental changes in functional and structural connectivity, but these changes are not uniform across all DMN nodes. Critically, this study found that functional connectivity in children can reach adult-like levels despite weak structural connectivity (Supekar et al., [@B76]). Improved multimodal analysis of anatomy and connectivity will allow us to better characterize the heterogeneous development and maturation of functional brain networks.

It has recently been demonstrated that one possible function of resting-state functional connectivity is to support the consolidation of previous experience. Lewis et al. ([@B50]) showed that visual perceptual learning, an example of adult neural plasticity, modified the resting covariance structure of spontaneous activity between networks engaged by the task, and that the observed changes correlated with the degree of perceptual learning. The complex relationships between cognitive performance and integrity of resting-state networks is only beginning to be explored, and future work in this area will have particular significance for developmental psychologists and neuroscientists.

Additional future directions include incorporating knowledge of genetics into rsfMRI studies, as well as continued investigations into relationships between functional connectivity and cognition and behavior. The field would particularly benefit from longitudinal studies that would allow tracking of development of connectivity within individuals. Mapping the developmental trajectory of functional brain organization will be greatly facilitated by a longitudinal approach. Lastly, elucidating brain organization related to neurodevelopmental disorders is perhaps the arena in which rsfMRI can make the greatest contributions. Very young and low-functioning children who might not otherwise be able to tolerate the scanner environment may be able to participate in a resting-state scan with a 5-min duration. Such data can be used to derive brain-based biomarkers that may in the future lead to early diagnosis and thus the development of more efficient and targeted treatments and therapies.

The use of rsfMRI for studying typical and atypical brain development is still in its infancy. Critically, its potential for synthesis and uncovering general organizational principles underlying functional brain development remain largely untapped. Current efforts to pool resources and data across multiple sites will in the future result in larger sample sizes, which are particularly critical for addressing clinical developmental questions. These data-sharing efforts have already produced interesting insights into brain organization in typically developing adults (Biswal et al., [@B4]). With rapid methodological improvements in rsfMRI, and the use of larger, more refined samples, we can expect to see rapid progress in the use of rsfMRI for addressing important research questions in developmental systems neuroscience.
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